First principles calculations are performed using density functional theory and density functional perturbation theory for SnAs. Total energy calculations show the first order phase transition from an NaCl structure to a CsCl one at around 37 GPa, which is also confirmed from enthalpy calculations and agrees well with experimental work. Calculations of the phonon structure and hence the electron-phonon coupling, λ ep , and superconducting transition temperature, T c , across the phase diagram are performed. These calculations give an ambient pressure T c , in the NaCl structure, of 3.08 K, in good agreement with experiment whilst at the transition pressure, in the CsCl structure, a drastically increased value of T c = 12.2 K is found. Calculations also show a dramatic increase in the electronic density of states at this pressure. The lowest energy acoustic phonon branch in each structure also demonstrates some softening effects. Electronic structure calculations of the Fermi surface in both phases are presented for the first time as well as further calculations of the generalised susceptibility with the inclusion of matrix elements. These calculations indicate that the softening is not derived from Fermi surface nesting and it is concluded to be due to a wavevector-dependent enhancement of the electron-phonon coupling.
Introduction
The effect that pressure has on materials can be classified into two categories: changes to the lattice and changes to the electronic structure. One way to interpret the link between the changing of the lattice and 5 the electronic structure is that the decrease in the interatomic distance leads to overlapping of outer electronic orbitals which will further lead to increase in the energy band widths. These subtle changes in electronic structure can lead to changes in material properties [1, 2] 10 such as the closing of gaps in the electronic energy spectrum leading to metal-insulator transitions [3] , shifts of the electronic bands leading to interband electron transitions [4, 5] or changes in the Fermi surface topology leading to Lifshitz transitions [6, 7] . Further to this, physical properties such as the electronic specific heat, superconducting transition temperature and magnetic behaviours may also change under pressure, opening the door to being able to tune and hence understand specific material properties through the application of 20 pressure.
In many 11-type compounds, pressure leads to a phase change from NaCl-type to CsCl-type structure. For instance, in the lanthanide monophosphides LnP (Ln=La, Ce, Pr, Nd, Sm, Gd, Tb, Tm and effects in these compounds have been studied by Lefebvre et al. [12] . In 1984, Losev et al. [13, 14 ] used x-ray diffraction to observe the same NaCl to CsCl structure transformation in SnAs at a pressure of around 32 GPa with an associated volume discontinuity of around 5%. Recently, superconductivity was reported in NaCl-type SnAs by Wang et al. [15] with a superconducting critical temperature, T c , of 3.58 K and electron-phonon coupling constant, λ ep , of around 0.62. Calculations, us-45 ing density functional theory (DFT) and density functional perturbation theory (DFPT), have also been performed by Tütüncü et al. [16] on NaCl-type SnAs to investigate the electronic structure and hence the electronphonon coupling, finding good agreement with experi-50 mental work. Further DFT calculations by Shrivastava et al. [17] have looked at the effect of pressure on the electronic structure of SnAs, further demonstrating the structural change that occurs. Recently Hase et al. [18] reported that the moderate charge fluctuation and elec-55 tron phonon interaction is the cause for superconductivity at ambient pressure.
Pressure has long be known to have a profound effect on the superconducting properties of elements and compounds [19, 20] . Recent studies achieved a world 60 record in high superconducting transition temperature with a value of 203 K at the pressure of 200 GPa by Drozdov et al. [21] in H 2 S highlighting the importance of pressure in the investigation of superconductors. In SnO, Forthaus et al. [22] observed the appearance of a superconducting phase under pressure which is having dome like shape with a maximum T c value 1.43 K at around 9.3 GPa and also found the disappearance of superconductivity above the pressure of 16 GPa. As well as inducing superconductivity, pressure can have the ef-70 fect of enhancing T c , motivating the investigation of the effect that pressure has on the superconducting properties of SnAs, a structurally similar system to SnO, but one that is already superconducting at ambient pressure.
In this work, DFPT has been employed to inves-
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tigate the important changes in phonon structure and superconducting properties that occur when simulating the effect of pressure in SnAs across the phase change between the NaCl and CsCl-type structures. Furthermore, using DFT, calculations of the generalised sus-80 ceptibility of SnAs are performed to ascertain the role of the electronic structure in the softening of certain phonon modes. In section 2, the details of the computational methods are discussed. In section 3, the results of these calculations are presented, including the 85 vibrational spectra of SnAs in both structures as well as the superconducting properties across the phase change. The Fermi surface of SnAs is also presented for the first time as well as a numerical analysis of its role in the phonon softening. Conclusions are given in section 4.
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Computational details
The planewave pseudopotential formalism of DFT implemented within the QUANTUM ESPRESSO [23] code has been used for structural and volume optimization of the present compound. This same code was used 95 to compute the phonon dispersions and electron-phonon interactions using DFPT. The local density approximation (LDA) to the exchange correlation functional was used for all calculations and the electron-ion interaction is described using norm-conserving pseudopotentials.
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The maximum planewave cut-off energy is 120 Ry and the electronic charge density is expanded up to 480 Ry. The importance of the inclusion of matrix elements has recently been stressed [30] and the calculations of 140 χ(q) in this work are presented both with and without their inclusion for comparison. These matrix elements have been calculated within the same framework as the eigenvalues and occupancies and have been performed on a k-point grid of 32×32×32. 
Results and discussions
To begin with, calculations to reproduce the structural transition that has been seen experimentally [13, 14] and presented in other works [17] are performed. The total energy has been calculated as a function of relative vol-150 ume for both the NaCl and CsCl forms of SnAs to find the stable ground state as plotted in Fig. 1(a) . From this it is evident that at ambient pressure, SnAs stabilizes in the NaCl-type cubic structure (space group Fm3m (No. 225)) with atomic positions As (0.00, 0.00, 0.00) and 155 Sn (0.50, 0.50, 0.50) in agreement with the recent DFT study by Shrivastava et al. [17] . From the same figure it is also observed from the crossover of the two energy parabolae that SnAs undergoes a phase transition from NaCl-type to CsCl-type (space group Pm3m (No.
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221)) at a compression of around V/V 0 =0.76. At this pressure, a volume collapse of around 4.34% is seen, in good agreement with Demishev et al.[14] . The calculated lattice parameter and bulk modulus values are given in Table 1 for the NaCl-type structure. The cal-165 culated lattice parameter is close to the experimental value, the discrepancy being due to the inherent underbinding that the LDA provides. For the NaCl structure, the calculated bulk modulus value of 75.38 GPa is in good agreement with the results of Tütüncü et al. [16] .
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The change in enthalpy as a function of pressure has also been calculated to compute the exact transition pressure, as given in Fig. 1(b) , and it is observed that the phase transition occurs at 37 GPa.
Calculations of the electronic structure, performed as 175 part of this research agree well with previous works [15, 16, 17] . The calculated band structure along differ- ent high symmetry directions is given in Fig. 2 (a) at ambient condition. From the band structure, we have observed only one band to cross the Fermi level (E F ) from conduction band to valence band at Γ, X and K high symmetry points. This implies that the Fermi surface corresponding to the band might have multiple sheets. At Γ point this band has major contribution from As-p states and at L point around 1 eV it has sufficient inter-185 action with other conduction bands leading to increased contribution from Sn-p states. The overall major contribution to this band stems from As-p states. The low lying valence band in the band structure plots at around -11 eV is due to the As-s states. The bands above this 190 and up to E F have major contribution from As-p, Sn-s and Sn-p states. Above E F , the bands are due to the 'p' states of both the atoms.
To probe more at E F , we have calculated the total and atom projected density of states (DOS) for SnAs at am-195 bient condition and are plotted in Fig. 3(a) . From the plots, it is clear that low lying peak at -11 eV is due to the As-s states as discussed in the band structure. Another peak at -8 eV is due to the 's' states of Sn atom. The total DOS at Fermi level (N(E F )) is found to be 200 0.63 states/eV/ f.u which is also in agreement with the work done by Tütüncü et. al. [16] . We find the 'p'-sates of both the atoms to contribute more at E F , with Asp states dominating more than Sn-p states. We have also observed the covalent nature between the As and 205 Sn atoms in this compound.
Purely on an electronic basis, we can begin to get an idea of the extent of the possible electron-phonon coupling within the system in the NaCl structure by calculating the electronic linear specific coefficient or Som-210 merfeld coefficient, γ calc , and comparing it to the experimental value, γ exp . This is given in Table 1 . The experimental value is higher than the calculated one as the calculation explicitly neglects many-body effects and our value agree well with the theoretical work of Haseet 215 al. [18] . The ratio of γ exp to γ calc , gives an estimate of the mass renormalisation, λ, through , the value of λ is found to be 0.46. If we assume the dominant renormalisation comes from the coupling between the electrons and the lattice, such that we can say λ = λ ep , then this value can be directly compared to the value of λ ep of 0.62 in-225 ferred from experiment [15] . Whilst there is reasonable agreement, it should be noted that experimental mea- surements of the Sommerfeld coefficient are incredibly challenging but the higher experimental value for λ ep may point to the electrons coupling more strongly to 230 special modes as has been seen previously [31, 32] .
To better understand the electron-phonon coupling and how it may change on applying pressure to the system the phonon properties must first be calculated, which can be used to check the dynamical stability of 235 the system. The phonon dispersion along different high symmetry directions is given in Fig. 4 along with the total phonon density of states (PDOS) for the NaCl structure at both ambient pressure and the transition pressure of 37 GPa (Fig. 4 (a) ), and for the CsCl structure at 240 both the transition pressure and an increased pressure of 60 GPa (Fig. 4(b) ). In each case, the primitive cell has one formula unit with two atoms, leading to three acoustic and three optical branches. The absence of negative phonon frequencies indicates the dynamical stability of
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SnAs throughout the range of pressures.
By first looking at the total PDOS in the NaCl structure, the major peak is found near a frequency of 150 cm
and from the atom-projected phonon DOS in Fig. 4(c) , it can be seen that this is derived from As. It 250 is also observed that the higher frequency optical modes above the frequency 125 cm are due to Sn. In the NaCl structure, it can be seen that the effect of the applied pressure is to raise the frequency of the majority 255 of the branches considerably, but the broad features remain: The spectrum is dominated by As above a frequency of 200 cm −1 (optical modes) and the As-derived peak now sits around 225 cm 
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The pressure effect on superconducting properties is certainly meaningful in SnAs, as it undergoes a structural phase transition. We have calculated the band structure of NaCl-type and CsCl-type structures at transition pressure (37 GPa) and are given in Fig. 2(b) 265 and 2(c). At 37 GPa, lattice parameter for CsCl-type is found to be 3.213 Å. From Fig. 2(b) , widening of valence band region is observed in NaCl-type together with the band shifting at Γ point. As pressure increases from 0 to 37 GPa the band at Γ point is shifted to-270 wards the E F , resulting in decrease of As-p character with pressure. Due to this, the occupied area of the band which cross the E F at Γ point is decreased which might have an effect on the size of electron pocket at the same Γ point in the FS. In NaCl-type, we have one single band 275 to cross the E F but in CsCl-type we have multiple bands to cross E F , which is observed from Fig. 2(c) . Calculated electronic density of states at 37 GPa in CsCl-type is given in Fig. 3(b) , where we observed an increase in the total and partial DOS values compared with NaCl-280 type at E F . As pressure increases in NaCl-type, contribution of As-p states at E F decreases and Sn-p states increases. At 37 GPa in NaCl-type structure contribution of Sn-p states is found to be more at E F compared to As-p states.
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On transitioning into the CsCl structure (Fig. 4(b) ), the frequencies of the optical modes that were increased on application of 37 GPa of pressure in the NaCl structure now reduce somewhat in energy. The spectrum now becomes more evenly distributed over energy such that 290 the optical peak in the PDOS that now lies at 200 cm −1 is no longer dominant (but remains As-derived). The dominant peak in the spectrum has now shifted to the acoustic modes around 70 cm −1 which contain equal contributions from both As and Sn. As the pressure increases 295 up to 60 GPa there is a hardening in the frequencies of all modes in the CsCl structure but few other alterations.
There are some interesting features to the dispersions that alter both between the two structures and with the application of pressure. In the NaCl structure, there is a 300 degeneracy in the LA2 mode along L − Γ − X that is broken in other directions but remains unbroken along this direction through the application of pressure. A similar degeneracy is seen in the CsCl structure along the Γ − X direction that remains with increasing pressure. An in-305 teraction of the higher frequency acoustic modes with the optical modes is seen at various points in the BZ for both structures. In the NaCl structure, pressure acts to lift this interaction quite considerably, pulling apart the acoustic and optical modes whilst in the CsCl structure 310 the application of further pressure has little effect on the interplay between the acoustic and optical branches.
A further interesting feature of the dispersions is the hint of softening to the lowest acoustic branch along the Γ−X and Γ−K directions when pressure is applied to the 315 NaCl structure (Fig. 4(a) ) as well as a much more obvious softening in the lowest acoustic branch along the Γ− M direction and along further directions surrounding the M point in the CsCl structure that actually diminshes a little with increasing pressure. Such anomalies 320 have been known to have significant effects on the physical properties of materials. In some of the Heusler compounds such as Ni 2 MnGa [33, 34] , Ni 2 MnIn [35] , Ni 2 MnX (X= Sn, Sb) [36] , Ni 2 VAl and Ni 2 NbX (X=Al, Ga, Sn) [37] , which all have a face-centred-cubic struc-325 ture like SnAs, the softening of the acoustic mode is a Kohn anomaly due to interaction of the conduction electrons with the lattice.
The mechanism behind a Kohn anomaly is one of electronic screening [38] . Under the action of a per- Fermi surface (which have access to unoccupied states) will attempt to screen it [39] . The ions of the lattice will then interact via this screened potential which modifies the phonon frequencies. The extent of this softening can 335 therefore be dictated by how responsive the electrons are to the initial perturbation. Kohn summarised that the shape of the Fermi surface would play a vital role in this mechanism [38] . To investigate whether the softening seen here in SnAs is also a signature of a Kohn anomaly, the results of both Fermi surface and generalised susceptibility calculations are presented. The calculated Fermi surface (FS) at ambient pressure in the NaCl structure is given in Fig. 5(a) . The electron pocket at Γ point seems to possess parallel sheets 345 along Γ − X direction (the direction of the observed softening in this structure) indicating a possible nesting feature in this direction. On application of pressure the Fermi surface changes slightly, see Fig. 5(b) , and this Γ-centred electron pocket becomes smaller. The Fermi surface of the CsCl structure at the transition pressure is given in Fig. 6 , demonstrating six bands crossing the Fermi level, E F . In terms of nesting features, the third sheet (seen in Fig. 6(c) ), due to band 15, contains parallel sections that could lead to an electronic instability.
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Such a visual inspection of the nesting features of a Fermi surface, however, is not sufficient, as was shown by Johannes et al. [40] . Through calculating both the real and imaginary parts of the generalised susceptibility, χ(q), where q is the wavevector of the perturbation, 360 an assessment can be made as to the geometrical nesting properties of the Fermi surface (in the imaginary part(χ ′′ (q))) as well as the response that the electrons will have (through the real part(χ ′ (q))). A true nesting effect will be seen through singularities in both the real 365 and imaginary parts at the same wavevector, showing the electronic response at a particular q (possibly corresponding to the wavevector of the observed softening) is a consequence of the geometry of the Fermi surface.
(g) Figure 6 : Fermi surface for SnAs in the CsCl structure at the transition pressure of 37 GPa for (a) band no. 13, (b) band no. 14, (c) band no. 15, (d) band no. 16, (e) band no. 17, (f) band no. 18 and (g) the Brillouin zone for the CsCl structure.
χ(q) has been calculated in both the NaCl and CsCl structures and is shown in Fig. 7 . In the NaCl structure, a peak is seen in both the real and imaginary parts at a wavevector of [0.0, 0.0, 0.1] × 2π/a, when using the constant matrix element approximation (CMA), indicating a strong electronic response that is driven by 375 the shape of the Fermi surface. However, if the matrix elements are included in the calculation of the real part(χ ′ (q)), as is done in Fig. 7(b) , the peak is strongly suppressed to become just a shoulder. The shoulder hints that the electrons are still somewhat more co-380 ercible at this wavevector but it is by no means a strong enough response to drive the observed softening of the phonons. Equally, when looking at the CsCl structure, a similar story emerges. Along the [111] direction in Fig. 7 (c) there is a broad peak in both the real and 385 imaginary parts of χ(q) when using the CMA around [0.33, 0.33, 0.33] × 2π/a, in the region in which we see the strong softening of the phonons of SnAs in the CsCl structure. Once again, though, with the inclusion of matrix elements (Fig. 7(d) ), the feature is strongly sup-390 pressed such that the electronic system would not be capable of producing the softening seen along that direction. With Fermi surface nesting unable to explain the observed softening, this points towards a q-dependent enhancement of the electron-phonon coupling.
Having determined the phonon structure, the electron-phonon coupling can be calculated to explore the effect of pressure on the superconducting properties. This Eliashberg function, a 2 F(ω), (the phonon density of states weighted by both the phonon linewidth and 400 the electronic DOS) gives us the energy-dependent coupling of the electrons to the phonons. a 2 F(ω) can be represented as shown below.
This function is related to the phonon DOS (F(ω) = 405 q j δ(ω − ω q j )) and differs from the phonon DOS by having a weight factor 1/2πN(ǫ f ) inside the summation. In the above formula N(ǫ f ) is the electronic density of states at the E F and ν q j is the phonon line width which can be represented as below.
where Dirac delta function express the energy conservation conditions and g is the electron phonon matrix element. From the Eliashberg function, a total electron-phonon coupling constant, λ ep can hence be found through
The electron-phonon coupling constant can then be used in the Allen-Dynes formula [41] to estimate the superconducting transition temperature, T c , through
where ω ln is logarithmically averaged phonon frequency and µ * is Coulomb pseudopotential. In these calculations a µ * of 0.13 is used (values between 0.1 and 0.15 are deemed acceptable).
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The calculated Eliashberg functions for the NaCl and CsCl structures are shown in Fig. 4(a) and (b) , whilst the total electron phonon-coupling constants and associated T c values are given in Table 2 . Furthermore Fig.  8 demonstrates the evolution of λ ep , T c and ω ln with 430 increasing pressure, across the structural phase transition. In the case of NaCl under ambient pressure, in Fig. 4(a) , the Eliashberg function indicates that there is stronger coupling to the optical phonon modes and this coupling decreases across the entire range of fre-435 quencies when the NaCl structure is put under 37 GPa of pressure. This will also be manifest in the total electron phonon coupling constant which, from Fig. 8 , initially decreases as the pressure is increased before flattening towards the transition pressure. This has the effect of 440 also decreasing T c to essentially zero prior to the structural transition. The ambient pressure values of λ ep and T c in the NaCl structure in Table 2 agree well with both experimental [15] and computational [16] studies.
At the structural transition into the CsCl structure, in the acoustic region is around the same energies as the phonon softening is seen, further evidence to enhanced electron-phonon coupling being the possible mechanism driving the softening. With the further increase in pressure in the CsCl structure, there is little change 460 in the magnitude of the Eliashberg function, it simply shifts to higher energies. This can also be seen in the values for λ ep calculated against pressure given in Fig.  8 which remain above the ambient pressure value and lead to a robust increase in the value of T c compared to 465 the ambient conditions. The slight oscillation seen in the value of T c seems to be derived from the variation in the ω ln that can also be seen in Fig. 8 rather than any electronic mechanism. This abrupt increase in T c at the structural transition pressure is likely to be driven in part 470 by a big change in the electronic density of states at the Fermi level. Fig. 9 demonstrates that across the transition, there is an almost twofold increase in the number of electronic states at the Fermi level which would have the affect of increasing the number of electrons avail-475 able to form Cooper pairs. This dramatic increase in T c would seem to warrant further experimental exploration but provides more evidence of the importance of pressure as a tuning parameter for superconductivity.
Conclusions
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Density functional theory and density functional perturbation theory calculations are performed for SnAs across the pressure-induced structural phase transition. The change in structure from NaCl to CsCl is observed at a pressure of 37 GPa (V/V 0 =0.76). A striking in- crease in the total electron-phonon coupling and hence the superconducting transition temperature is seen from the ambient value of T c = 3.08 K, which agrees well with experimental values, to a value in the CsCl structure at 37 GPa of T c = 12.2 K. Further to this, soften-ing of the lowest acoustic phonon mode is observed in both the NaCl and CsCl phases. Through calculations of the Fermi surface, shown for the first time, and further explorations of the generalised susceptibility with the inclusion of matrix elements, this softening is demon-495 strated to not derive from Fermi surface nesting. Instead, it is suggested to be from an enhanced electronphonon coupling.
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